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Abstract 

A novel technology in the area of antibody engineering has been developed which allows for the creation of new 
types of antibody molecules. It is called complementarity-determining region (CDR) implantation and permits the 
random combination of CDR sequences formed in vivo into a single master framework. Thus, totally new gene 
combinations can be produced and used in selection processes. The result is a genetic variability which is extremely 
large, even exceeding the natural variability found in the immune system, In this commentary, CDR implantation is 
presented and the technology is discussed. © 1999 Elsevier Science B.V. Ail rights reserved. 
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1. Introduction 

A central problem in the area of antibody 
engineering is the creation of genetic variation. In 
the traditional setting of the technology, gene 
sequences are harvested from the immune system 
where the joining of distinct VJ and VDJ seg-, 
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ments build up the genes for variable light (V^) 
and variable heavy (Vh) chains. The in vivo ge- 
netic variation is thus based on the process of 
recombination, a process which allows for large 
variability to be formed from a limited number of 
building blocks. This naturally occurring genetic 
variability can be used as a source for in vitro 
selection of highly specific antibody fragments. 
Furthermore, such selections have been revolu- 
tionised by the introduction of phage display [l- 
5] through which a repertoire of antibody 
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fragments can be displayed on the surface of 
filajnentous phage, linking the binding phenotype 
to its corresponding genotype. This provides the 
possibility to directly clone, analyse and modify 
the gene encoding the specificity. 

Successful selection and cloning of antibody 
fragments with a desired specificity depends on 
the presence of the corresponding genes encoding 
this specificity in the library. The use of immu- 
nised genetic libraries (i.e. libraries derived from 
individuals with an immune response to a particu- 
lar antigen) improves the probability of successful 
selections since this immune repertoire has an 
increased frequency of clones reacting with the 
antigen. Of course, the source of this type of 
genetic library, based on human antibody genes, 
is limited for ethical and practical reasons. An- 
other route for successful selection of antibody 
fragments is to construct, in vitro, libraries with 
extended genetic variation. These libraries contain 
large genetic variability and their use increases the 
probabihty to find specificities against any anti- 
gen, including specificities not found in an immu- 
nised library (e.g. against self antigens). 

The in vitro constructed genetic variation in 
antibody gene libraries can be targeted to the 
complementarity-determining regions (CDR) of 
the immunoglobulin gene [6-9], which encode 
loops building up the combining site of the anti- 
body molecule. Previous technologies used for 
this type of targeted genetic variation are based 
on the use of degenerate synthetic oligonucleo- 
tides (oligos) which are of non-natural origin. 
Although careful construction of these oligos of- 
ten is the case, their encoded variation does not 
resemble all the variation found in naturally oc- 
curring immunoglobulin genes. The reason for 
this is that our knowledge of the immune reper- 
toire is not complete and any construction will be 
biased and influenced by our present, limited un- 
derstanding of the genetic variation in the im- 
mune system. Thus, there is a possibility of a 
non-optimal construction of synthetic oligos. In 
contrast, the natural genetic variation formed in 
vivo is already optimised with regard to function- 
ality since it has been processed in the immune 
system. The use of such in vivo genetic variation 
is preferred, but no technology has so far been 
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developed which allows for in vivo CDR segments 
to be combined randomly. Here we present such a 
technology. 



2. CDR implantation — a novel technology for 
gene libraries 

We have developed a unique system called 
CDR implantation in which natural gene seg- 
ments are randomly combined into a defined mas- 
ter framework [10] (Soderlind et al., in 
preparation), selected for optimal expression in 
bacterial and phage systems. The technology in- 
cludes the synthesis of genes encoding antibody 
variable domains by overlap extension polymerase 
chain reaction (PGR) of a set of single-stranded 
oligonucleotides. Some of the primers are am- 
plified from natural immunoglobulin genes and 
contain CDR sequences (see Fig. 1 for details). 

The CDR-implantation system excludes the 
need for oligo construction and synthesis for in 
vitro genetic diversity, but uses genes formed in 
vivo, harvested from the immune system. Some of 
these genes have undergone affinity maturation 
processes and carry mutations at different fre- 
quencies, whereas some others have gcrmline 
configuration. In addition, further variability can 
be found since the immune system is capable of 
modifying the genes by insertion mutagenesis, but 
only a small minority of the repertoire will carry 
evidence of such events [11-13]. In contrast to 
present systems, where genes formed in vivo en- 
coding the Vh and chains are combined in a 
dimeric format [14,15], the CDR-implantation 
system allows for combination of in vivo formed 
gene segments in a hexameric format for the 
creation of gene diversity (Fig. 2), with a dramatic 
increase in variation as the result. 

CDR hnplantation is based on previous work 
tl0,16,17] on overlap extension PGR as the 
method for gene synthesis and to randomly com- 
bine different in vivo formed CDR sequences 
(Fig. 3). In the overlap extension gene synthesis 
process, it is possible to use some oligos carrying 
degenerate regions [16]. This points to the impor- 
tant fact that oligos with genetic variation are not 
detrimental for the extension process and full- 
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length gene sequences can be obtained with fully 
variegated sequences at defined positions, A cen- 
tral problem in the use of overlapping PCR for 
gene library construction is the design of the 
participating single-stranded oligos [17]. By design 
means the determination of the length of each 
individual oligo participating in the overlap exten- 
sion process and not the previously mentioned 
construction of in vitro genetic variation, A single 
gene can be assembled by overlap extension, and 
selection processes can be applied to identify 
clones with an open reading frame (ORF). How- 
ever, if a genetic library is to be created which is 
to encode several genetic variants, each with an 
ORF, the product from such an overlap extension 
process needs to contain a minimum of muta- 
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tions/deletions. To ensure such a high frequency 
of ORFs, careful oligo design is a prerequisite. In 
such design, parameters such as homo- and het- 
erodimerisation as well as mispriming have to be 
analysed. Furthermore, if the oJigo design allows 
for unwanted hybridisation stability to be 10- 
25% of the wanted oligo hybridisation, there is a 
good probability for successful gene synthesis [17]. 
The designed primers described in [17] were used 
in the CDR-iraplantation library construction and 
resulted in 75% genes with OR?s (Soderlind et al., 
in preparation). Furthermore* "the quality of the 
oUgos in the overlap PCR process has to be good 
(i.e. they should contain a minimum of deletions/ 
mutations). We have observed-that if, instead of 
using synthetic DNA in the overlap PCR process, 
DNA is produced by PCR (which is the case 
when CDR regions are amplified in the CDR-im- 
plantation process), the frequency of genes with 
an intact ORF increases [10] (Kobayashi and 
Soderlind, unpublished). 



Fig. I. Principle layout for the CDR-impiantauoTi technology. 
DNA sequences encoding CDR loops can be amplified by the 
use of primers (A) which are specific for a master framework. 
The resulting pool of amplified CDR sequences can be used in 
a subsequent overlap extension PCR process (B) where they 
randomly combine with other CDR sequcijces of different 
germline origin. The DP47 and DPL-3 germiinc genes were 
selected to encode the master framework. To incorporate the 
CDRs into these master frameworks, oligonucleotides based 
on the DP-47 and DPL-3 germline genes were used in a PCR. 
For each CDR amplification, an oligo nucJeotide pair was 
designed to amplify the CDR as well as to allow for one 
strand of the PCR product to be used in gene assembly. One 
of the primers used was biotinylated at the 5' end. A human 
cDNA library derived from peripheral blood lymphocytes and 
tonsils was used as template for the CDR sequences. Single- 
stranded DNA was initially prepared in order to be able to 
utilise the PCR-amplified CDR in an assembly reaction using 
overlapping oligonucleotides. This was performed by affinity 
chromatography on the biotinylated strand; the biotinylated 
PCR^ product was affinity captured on the streptavidin-coated 
matrix and the column was washed to remove any remaining 
template DNA. The non- bio tiny la ted strand was finally eluted 
by denaturing the DNA with alkali. The eluted single-stranded 
DNA was subsequently used in the assembly reaction. Five 
overlapping internal oligonucleotides and two amplification 
primers were used in the assembly PCR [16], The three internal 
oligoaucleotidcs encoding the CDRs were prepared as de- 
scribed above, and used together with the other oligonucleo- 
tides in an overlap extension process. 
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3. High functionaJity with gene segments of 
natural origin 

Compared with gene segments formed in vivo, 
constructed synthetic oligos suffer from several 
limitations: 

1 . A synthetic, fully degenerate oligo will encode 
all three stop codons; to overcome this prob- 
lem, limited variation can be constructed at 
the third nucleotide in the codon [6,7]. All 
amino acids will be present in such a synthetic 
library but not allow all codons to be used, 
biasing the usage of codons. Gene segments of 
natural origin do not suffer from these 
limitations. 

2. If codon-based mutagenesis approaches are 
used [18,19], the synthetic variation still needs 
to be constructed and will not fully resemble 
all the variation found in genes formed in 
vivo. 

3. When constructed synthetic degenerate oligos 
are used, there is a possibility that genes en- 
coding antigenic epitopes are produced. The 
use of in vivo gene segments will probably 
reduce this possibility, since polypeptides en- 
coded by these segments have been adapted 
and processed by the immune system. 
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Fig. 2. The combinatorial effect. By random combination of 
discrete gene segments, encoding apcciiic peptide stretches, it is 
possible to generate extended variation. In the immune systtm, 
the variable heavy (V„) and variable light (Vl) domains arc 
combined in a dimcric format, with an increased variation as 
the result. In the CDR-implantation technology, individual 
CDR sequences can be randomly combined in a hexameric 
format, with a further creation of variability as the result. 



In vivo formed DNA sequences are a good 
source for the creation of molecules with new 
function and the concept of random recombina- 
tion of in vivo formed gene segments was also 
recently described in the DNA-shuffling technol- 
ogy [20]. Here, a family of four genes encoding 
moxalactamase could be recombiaed into a new 
gene containing segments from the different genes 
and this chimeric gene encoded a moxalactamase 
with improved function. CDR implantation al- 
lows for randorn combination of defined gene 
segments and differs from DNA shuffling in this 
respect. Nevertheless, in both cases in vivo formed 
gene segments can be recombined and a larger 
part of sequence 'space can be exploited. 



4. Structural considerations 

In the germlinc repertoire certain combinations 
of CDRl and CDR2 arc inherited as units as this 
part of the human immunoglobulin gene does not 
involve recombination or gene conversion events. 
The sequence and length of each such hypervaii- 
able region deterinines its basic fold, or so-called 
canonical structure [21]. Since these CDRs are 
inherited pair-wise, only certain combinations of 
hypervariable regions will make up the original 
antibody repertoire in humans. Consequently, cer- 
tain combinations of canonical structures seem to 
dominate the immune repertoire [22]; For in- 
stance, antibodies derived from the very abundant 
V„3 gene family, usually employ canonical struc- 
tures of type 1 and 3 for CDRl and CDR2, 
respectively. In the context of CDR implantation, 
it is possible to maintain the original canonical 
loop structure associated with the chosen frame- 
work or to introduce novel loop folds. As previ- 
ously demonstrated^ it is possible through careful 
primer design to specifically amplify Vh CDR 
originating from specific immunoglobulin gene 
families [10]. We have in this way incorporated 
V„ CDRl and Vh CDR2 derived solely from 
genes belonging to the Vh3 gene family into 
framework derived from the 3 to 23 germiine gene 
loci [10] and by using this principle also into 
framework derived from the 3 to 30 germiine gene 
loci [23]. For example, as shown in Fig. 4, it is 
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Fig, 3. The recombination process using the CDR-implantation technology. (A) From a set of natural antibodies it is possible to 
randomly combine CDR sequences from these to a defined single framework region. CDR sequences from position I in, for 
example, the domain is always placed in position I in the master framework domain, etc. The result is an antibody gene 
library. (B) Selection of specific antibody fragments from the CDR-implantation library is carried out and CDR loops that are 
participating in the antigen binding are marked with a black dot. (C) By the use of the CDR implanUtion it will be possible to 
combine the best CDR loops from different antibody fragments into one single molecule in which all six CDR loops participate in 
antigen binding. Here, a new library is produced and the antibody fragments with improved characteristics (i.e. affinity and 
specificity) are selected. 



obvious that the majority of CDR2 originating 
from human V^S sequences may be amplified, 
while those originating from other families will not 
(except in the few cases where the somatic mutation 
process has modified critical bases m the template 
close to the 3' end of the primers). In addition, we 
have noticed some length variability of lambda 
light chain loops in certain specific clones selected, 
from CDR-shuffled antibody libraries (Soderlind et 
al., in preparation), catising us to believe that such 
variability is indeed compatible with a functional 
immunoglobulin fold. Furthermore, the introduc- 



tion of divergent canonical structures into a master 
framework would provide insight into the possibil- 
ity to create new types of functional variability 
using the basic antibody scafTold. Indeed, it is 
possible to incorporate variability derived from 
other germline gene families and thus different 
canonical loop structures into a specific antibody 
gene by modification of the primer design (Ohlin 
et aL, in preparation). This approach might also be 
considered as an analytical tool which can be used 
for the study of CDR loops in relation to frame- 
work structures. 
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Codon 3S 37 38 33 40 41 42 66 67 6B 69 70 71 72 73 74 75 

I I I I 1 I I CDR2 i 1 ! I 1 I I 1 I I 

VK CDR2 prlmera GTC CGC CAC CCT CCA---> <---TTC ACC ATC TCC AGA GAC AAT TCC 

TOO . .G . .A Y . .Y GGA - S .-KA.. RSG ... .NR . - Y AYR 

'\ c.c R , .0 C W. . .AG ... .CC ... .AA 

*'* R 's M M ^ R'Y K.M .A. 

'.'.I ... CMC 1!! '. .G C. a.Y A ..AQT. ... .CG . .Y .AQ 

.G ATO ,.C . .G CAS 0 A SCY O ... .TC 

A.O ... T.C ... TCO C. A. A AA. CC CA ... .AO 

a ,.A C . .T ... C.Q ..T GT. T TTO ... . CC , .T GTC 



VKl conaenauB 



VH2 conaervsufl ... A. 

VR3 conaenflua 

VHA conaezi9U0 ... A. . 
VK5 conaanauj 

V>16 conaenaua ... A. 
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Fig. 4. Primers used for amplification of Vh CDR2 for incorporation in the CDR-in\ plantation library. By using these primers, 
design codons 42-66 (including CDR2) can be amplified from naturally occurring imrauno globulin-encoding genes. The primer 
design is such that only genes belonging to germlinc gene family Vh3 would be expected to be efficiently amplified due to mismatches 
at the y end of the other gene families. Some somatic mutation of the template would be expected to allow amplification of the CDR 
belonging to gene famiUes other than Vh3. The primer sequences are compared to conseJisus sequences (here represented by the 
bases found at > 90% of loci belonging to each V„ gene family) of functional germJine genes, as described in the VBASE directory 
[25]. Residue numbering according to Chothia ct al. [21] is shown at the top of the figure. Nucleotides arc given by standard notation 
(Y - C J; R = A.G; S - G,C; M - A,C; W = AJ; K - G.T; N - A AC.T). 



5. In vitro optimisation 

The process of CDR implantation involves ran- 
dom recombination of CDR sequences without 
the use of any restriction enzymes. The CDR 
sequences are amplified from natural im- 
munoglobulin genes in a PGR process and linked 
to the master framework by a PCR overlap exten- 
sion process. In order to optimise the antibody 
fragment with regard to specificity and affinity, it 
is possible to repeat this process of CDR implan- 
tation from a pool of selected antibody fragments. 
Thus, in such a way, already selected CDR se- 
quences will be recombined and this has the po- 
tential to create molecules with optimised 
combination of CDR sequences (Fig. 3) — i.e. the 
sequences contributing to affinity and specificity 
could be collected in one single molecule. Such 
molecules would exhibit excellent specificity and 
affinity. Several rounds of repeated CDR implan- 
tation might be necessary. It is important to re- 
alise that there is no need for any sequence 
information concerning the participating CDR se- 
quences when performing tihe CDR-implantation 
process. 

The CDR-walking technology [24] has been 
tested for the optimisation of antibody fragments. 
Here, in a first step, a pool of best CDRs .are 
selected and in the next step a second CDR is 
optimised and so forth. This strategy for sequen- 
tial combination of optimised CDR sequences 
resulted in antibody fragments with improved 



affinities [24]. The CDR-walking and the CDR- 
implantation technology differ; the sequences 
i;sed in the CDR-implantation technology are 
natural gene sequences formed in vivo, whereas 
the CDR-walking system depends on constructed 
degenerate ' oligonucleotides for the creation of 
genetic variability. Furthermore, in CDR implan- 
tation there is a possibility to simultaneously com- 
bine between two and six CDR sequences and to 
select the best combinations of CDRs. In the 
CDR-walking alternative, CDR sequences are 
fixed and the procedure moves to the optimisation 
of the next CDR. Thus, there is a first choice of 
individual CDR sequences which form the base 
for further optimisation. However, in theory, 
these chosen CDR regions might not contain 
optimal sequences in combination with one or 
several other CDR sequences. Thus, it is impor- 
tant to utilise a set of different CDR sequence 
combinations, in a library format, to select the 
best combinations. 



6. Concluding remarks 

When developing the CDR-implantation con- 
cept, a central question was whether or not the 
increased variability introduced through recombi- 
nation of all six CDRs would result in a func- 
tional variability — i.e, would the library 
constructed allow for specific selection of anti- 
body fragments against a variety of antigens. In- 
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deed, initial analysis of a large antibody frag- 
ment library, created using the CDR-implanta- 
tion technology, demonstrates that high-affinity 
antibodies against different types of antigens can 
be selected (Soderlind et al., in preparation). 
Thus, the different topologies in the antibody- 
combining site build a variety of surfaces which 
allow for different antigens to be bound. 

When comparing variability between antibod- 
ies generated from the CDR-implantation tech- 
nology with conventional antibodies, CDRl and 
CDR2 will be fotmd in combinations not 
present in natural antibodies (Soderlind et al., in 
preparation). The base and amino acid se- 
quences in the CDR regions also include muta- 
tions generated through in vivo somatic 
mutations, which adds a further level of com- 
plexity and increases variability. The potential 
variability that can be generated by this type of 
recombination is enormous. If we would recom- 
bine, for example, 1000 different CDRs in each 
position, the possible variability would be 10^^ 
by far exceeding what can be salvaged and han- 
dled in any antibody gene library. Thus, the po- 
tential variability that can be created using the 
CDR-iraplantation technology is essentially un- 
limited. This means that members in a library 
created by this technology have a great proba- 
bility to be different, resulting in a library with 
a high degree of variabihty. Furthermore, since 
this variability is presented in a scaffold that 
expresses and folds well in Escherichia coli, the 
variability at the functional protein level is also 
expected to be good. Thus, the CDR-implanta- 
tion technology has a large potential for anti- 
body development and engineering. 
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